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Final  Progress  Report  for  W81XWH-1 1-1 -0541 
Introduction 

Ovarian  cancer  and  other  human  malignancies  show  aberrant  lipid  metabolism.  The  current  ovarian 
cancer  pilot  research  project  titled  “Pro-lipogenic  action  of  lysophosphatidic  acid  in  ovarian  cancer” 
was  to  determine  the  role  of  endogenous  lysophosphatidic  acid  (LPA)  in  lipogenesis  and  metabolic 
abnormalities  of  ovarian  cancer  cells.  We  proposed  to  study  the  role  of  endogenous  LPA  in  regulation 
of  lipogenesis  in  ovarian  cancer  cells  (Aim  1),  and  the  contribution  of  LPA-driven  lipogenesis  to 
metabolic  abnormalities  of  ovarian  cancer  cells  (Aim  2).  The  details  of  the  progresses  are  provided 
below. 
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Body  of  Research  Report 


Specific  Aims: 

Aim  1.  To  define  the  role  of  endogenous  LPA  in  regulation  of  lipogenesis  in  ovarian  cancer 
cells 

1.1  Examination  of  whether  LPA  in  serum  and  LPA-inducing  agents  are  sufficient 
to  induce  lipogenesis  in  ovarian  cancer  cells 

We  examined  whether  serum  stimulates  de  novo  lipid  synthesis  in  ovarian  cancer  ceils  (1).  Serum 
strongly  induced  lipogenesis  in  OVCA-432  and  Caov-3  cells.  We  have  identified  the  LPA2  receptor  as 
the  primary  receptor  responsibie  for  the  lipogenic  action  of  LPA  as  detaiied  in  Fig.  5  of  Appendix  I. 
LPA  stimulated  endogenous  lipogenesis  via  its  receptor  subtype  2  (LPA2).  LPA2  was  iinked  to  Gq 
and  G1 2/1 3  to  activate  the  AMPK-ACC  and  SREBP-FAS  pathway,  respectively  (Fig.  6  of  Appendix  I). 
The  selective  role  of  LPA2  in  LPA-mediated  activation  of  lipogenesis  enabied  us  to  determine 
whether  bioiogicai  fluids  such  as  serum  at  physiologicai  concentrations  couid  promote  iipogenesis  via 
its  constituent  LPA.  Knockdown  of  LPA2  expression  not  only  inhibited  LPA-induced  lipogenesis  (Fig. 

5  of  Appendix  I)  but  aiso  significantiy  attenuated  serum-driven  iipogenesis  (Fig.  1),  suggesting  that 
LPA  is  a  major  constituent  of  serum  to  promote  iipogenesis  in  ovarian  cancer  cells. 

1.2  Assessment  of  the  effects  of  manipulating  LPA-producing  enzyme  autotaxin  on  activation 
of  lipogenic  pathways  and  de  novo  lipid  synthesis  in  ovarian  cancer  cells. 

Autotaxin  is  one  of  the  LPA-generating  enzymes  (2,  3).  We  have  produced  recombinant  autotaxin 
protein  from  FIEK293  cells.  The  recombinant  protein  is  enzymaticaiiy  and  bioiogicaiiy  active  as  we 
reported  previousiy  (3).  Incubation  of  ovarian  cancer  cell  lines  with  recombinant  autotaxin  and  its 
enzymatic  substrate  lysophosphatidyicholine  (LPC,  5  |xM)  increased  de  novo  iipogenesis  as  shown  in 
Fig.  2.  Flowever,  siRNA  downreguiation  of  autotaxin  did  not  significantiy  attenuate  iipogenic  activity, 
suggesting  that  endogenousiy  expressed  autotaxin  is  not  a  criticai  mediator  of  LPA  production  and 
iipid  synthesis  in  ovarian  cancer  cells  (Fig.  2).  Due  to  this  negative  impact  of  autotaxin,  we  have 
placed  our  focus  on  the  alternative  LPA-producing  enzyme  iPLA2,  which  has  ied  to  novel  and 
interesting  findings  (see  Task  1 .3,  and  Task  2.2). 

1.3  Assessment  of  the  effects  on  lipogenic  enzymes  and  lipogenesis  of  pharmacological  and 
molecular  inhibition  of  iPLA2,  another  enzyme  involved  in  LPA  production  in  ovarian  cancer 
cells. 

Because  several  groups  have  recently  reported  that  PLA2  enzymes  mediate  LPA  production  and  cell 
growth  in  various  cancer  cells  including  ovarian  cancer  (4-6),  we  investigated  the  molecuiar 
mechanism  underiying  the  effect  of  iPLA2  in  ovarian  cancer  ceiis.  The  resuits  of  this  line  are 
summarized  together  with  Task  2.2  which  addresses  the  importance  of  the  suppiy  of  fatty  acids, 
another  metaboiite  of  iPLA2p  activity  (see  Task  2.2). 

Aim  2.  To  determine  the  contribution  of  LPA-driven  lipogenesis  to  metabolic  abnormalities  of 
ovarian  cancer  cells: 

2.1  Analysis  of  the  effects  of  LPA  and  LPA  production  on  mitochondrial  respiration  in  ovarian 
cancer  cells 

Intracellular  ATP  levels  were  analyzed  as  function  of  mitochondriai  respiration.  Increased  ATP 
production  wouid  decrease  AMP/ATP  ratio,  which  couid  provide  expianation  of  how  LPA  inactivates 
AMPK  (see  Fig.  3  of  Appendix  I).  We  initially  tried  the  iuciferin/iuciferase  method  to  measure  ATP. 
Aithough  straightforward  and  reportediy  to  be  quantitative  (7),  we  found  that  the  approach  was  largely 
qualitative  with  significant  variations  from  experiment  to  experiment.  We  then  switched  to  an  HPLC- 
based  assay  which  was  more  accurate  and  reproducibie.  Treatment  of  ovarian  cancer  celi  iines  with 
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LPA  increased  ATP  levels  and  decreased  AMP/ATP  ratio  (Fig.  3). 

2.2  Elucidation  of  the  role  of  LPA  and  LPA  production  in  regulation  of  iipid  cataboiic  enzymes 
inciuding  monoacylgiyceroi  iipase  (MAGL)  and  fatty  acid  p  oxidation 

LPA  could  be  produced  by  activity  of  iPLAp.  However,  these  enzymes  such  as  iPLA2|3  could  also 
lead  to  release  and  accumulation  of  fatty  acids,  byproduct  of  LPA  biosynthesis.  Exogenous  fatty  acids 
enhanced  proliferative  responses  of  ovarian  cancer  cells  to  growth  factors,  suggesting  that  fatty  acid 
availability  promotes  |3  oxidation  and  cell  proliferation  (Fig.  4).  This  hypothesized  role  of  fatty  acids 
from  phospholipases  is  consistent  with  our  previous  observation  that  exogenously  supplemented  LPA 
did  not  fully  reverse  the  effect  of  the  iPLA2|3  inhibitor  BEL  on  cell  cycling  (8),  suggesting  involvement 
of  additional  bioactive  mediator  of  iPLA2|3. 

Regulation  of  fatty  acid  availability  may  represent  a  critical  but  previously  unrecognized  function  of 
iPLA2|3.  To  test  this,  we  used  shRNA  knockdown  or  pharmacological  inhibition  of  several  enzymes 
involved  in  lipolysis  and  fatty  acid  p-oxidation.  Inhibition  of  iPLA2p  with  a  dominant-negative  form  was 
found  to  inhibit  growth  of  ovarian  cancer  cell  lines  (Fig.  5).  Furthermore,  inhibition  of  carnitine 
palmitoyl  transferase  1A  (CPT1A)  with  a  specific  inhibitor  etomoxir  (9)  or  shRNA  suppressed  cell 
growth  in  most  ovarian  cancer  cell  lines  (Fig.  6A,  6B).  CPT1  is  the  rate-limiting  enzyme  of  p  oxidation 
responsible  for  shuttling  long-chain  fatty  acids  into  the  mitochondrial  matrix  (10).  Etomoxir  or  shRNA 
knockdown  of  CPT1A  had  limited  effect  on  cell  viability  (Fig.  7A,  7B).  However,  combination  of 
etomoxir  with  ABT263,  a  BH3  mimetic  inhibitor  of  the  Bcl2  family  members  (11)  resulted  in  synergistic 
induction  of  apoptosis  (Fig.  7A,  7B  &  Fig.  8),  suggesting  that  CPT1A  is  also  involved  in  cytoprotection 
of  ovarian  cancer  cells  from  anti-cancer  drugs.  Importantly,  CPT1 A  was  overexpressed  in  ovarian 
cancer  cell  lines  (Fig.  8,  upper).  The  sensitivity  of  ovarian  cancer  cell  lines  to  apoptosis  induced  by 
the  combined  treatment  with  etomoxir  and  ABT263  correlated  with  the  CPT1A  expression  levels  in 
these  cells  (Fig.  8,  lower).  Taken  together,  these  results  indicate  that  iPLA2p  contribute  to  ovarian 
oncogenesis  via  not  only  generation  of  LPA  but  also  enhancement  of  fatty  acid  oxidation. 

2.3  Determination  of  the  effects  of  LPA  signaling  on  cholesterol  synthesis  and  structures  and 
functions  of  lipid  rafts 

LPA  stimulated  expression  of  the  cholesterol  synthesis  rate-limiting  enzyme  HMG-CoA  reductase  via 
activation  of  SREBP  (Fig.  2  of  Appendix  I).  Consistent  with  HMG-CoA  upregulation,  we  found  that 
LPA  increased  cellular  cholesterol  levels  (Fig.  9).  The  result  indicates  that  LPA  could  signal  to 
regulate  functions  of  lipid  rafts  by  modulating  the  biosynthesis  of  cholesterol,  a  principal  structural 
component  of  lipid  rafts  (12). 

2.4  Metabolic  profiling  of  alterations  in  membrane  and  cellular  lipids  modulated  by  LPA  using 
mass  spectrometry 

The  total  and  major  classes  of  lipids  (neutral,  phospholipids  and  cholesterol)  were  elevated  in  LPA- 
treated  ovarian  cancer  cells  (Fig.  4  of  Appendix  I  &  Fig.  9).  During  the  second  year  of  the  grant 
support,  my  graduate  student  Abir  Mukherjee  received  training  with  mass  spectrometry  (MS).  After 
his  graduation,  the  remaining  fund  of  grant  was  limited  and  not  adequate  for  me  to  hire  him  as  a  post¬ 
doc  fellow  to  continue  the  study.  During  the  no-cost  extension  period,  I  assigned  another  graduate 
student  Fang  Yuan  to  work  part-time  on  the  task.  Unfortunately,  for  a  student  without  prior  research 
experience  in  lipid  biology  and  MS,  the  development  of  the  technique  took  longer  than  I  originally 
thought.  We  will  continue  the  effort  by  seeking  alternative  funding  support  in  the  future. 
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Key  Research  Accomplishments 

•  LPA  is  a  an  endogenous  factor  to  promote  lipogenesis  in  ovarian  cancer  ceiis  (Task  1.1); 

•  Autotaxin  does  not  play  a  major  role  in  LPA  production  and  iipogenesis  in  ovarian  cancer  cells  as 
we  originally  hypothesized  (Task  1 .2); 

•  iPLA2|3  is  an  critical  mediator  of  LPA  production,  fatty  acid  catabolism  and  proiiferation  of  ovarian 
cancer  cells  (Task  1.3) 

•  LPA  upregulates  ATP  production,  a  potential  mechanism  to  inactivate  AMPK  (Task  2.1 ); 

•  Regulation  of  fatty  acid  avaiiabiiity  and  p  oxidation  represents  a  critical  but  previously 
unrecognized  functional  aspect  of  the  LPA-producing  enzyme  iPLA2p  (Task  2.2); 

•  CPT1  A,  a  rate-limiting  enzyme  in  fatty  acids  oxidation,  is  overexpressed  in  ovarian  cancer  cell 
lines  and  reguiates  ceiiuiar  proiiferation  and  survival  (Task  2.2); 

•  LPA  stimulates  HMG-CoA  reductase  expression  and  cholesterol  synthesis  in  ovarian  cancer  cells 
(Task  2.3); 
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Reportable  Outcomes 
Manuscript  published: 

Mukherjee  A,  Wu  J,  Barbour  S  and  Fang  X.  Lysophosphatidic  acid  activates  lipogenic  pathways  and 
de  novo  lipid  synthesis  in  ovarian  cancer  ceiis.  J  Biol.  Chem.  2012  287:24990-5000.  PMID:  22665482 

Abstracts  and  meeting  presentation: 

Mukherjee  A,  Wu  J,  Barbour  S,  and  Fang  X.  Lysophophatidic  acid  is  a  novei  reguiator  of  de  novo 
iipogenesis  in  ovarian  cancer.  AACR  special  conference:  Metabolism  and  Cancer.  October  16-19, 

201 1 ,  Baitimore,  MD 

Manuscript  in  preparation: 

Shao  FI,  Mukherjee  A,  Yuan  F,  Kai  J,  and  Fang  X.  Carnitine  palmitoyi  transferase  1 A  promotes 
proiiferation  and  survival  of  ovarian  cancer  ceiis.  Manuscript  in  preparation. 


Conclusions 

In  this  pilot  study,  we  found  that  LPA  upregulated  de  novo  lipogenesis  in  ovarian  cancer  cells.  We 
showed  this  effect  of  LPA  is  physiologically  relevant  by  demonstrating  the  pro-lipogenic  activity  of 
endogenous  levels  of  LPA.  Suppression  of  the  LPA-producing  enzyme  iPLA2p  strongly  inhibited 
proliferation  of  ovarian  cancer  cells,  an  effect  not  reversed  by  the  presence  of  LPA.  Our  results 
indicate  the  importance  of  fatty  acid  oxidation  in  promotion  of  ovarian  cancer  cell  growth  and  survival. 
Since  we  have  shown  that  LPA-driven  lipogenesis  is  required  for  proliferation  of  ovarian  cancer  cells, 
our  results  together  establish  a  dual  role  for  lipid  metabolism  (anabolism  and  catabolism)  in 
maintenance  of  the  malignant  phenotype  of  ovarian  cancer  cells.  The  results  from  this  pilot  study 
have  led  to  one  publication  in  JBC  and  another  manuscript  in  preparation.  Built  on  the  results  of  the 
study,  we  are  also  preparing  an  R01  grant  application  for  submission  to  NIH/NCI  in  February  of  2014. 
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Fig.  1.  Knockdown  of  the  LPA2  receptor  prevents 
lipogenesis  of  ovarian  cancer  cells  cultured  in 
complete  medium  containing  10%  FBS.  LPA2  in 
OVCA-432  cells  was  stably  knocked  down  by 
lentivirally  transduced  shRNA  (LPA2sh).  The 
de  novo  lipogenesis  was  quantified  as  described 
In  Appendix  I  and  the  lipogenic  activity  was 
compared  with  the  cells  transduced  with  control 
shRNA  (Csh). 


Fig.  2.  Knockdown  of  endogenous  autotaxin 
does  not  inhibit  lipogenesis  in  OVCA-432  cells. 

In  left,  Caov-3  cells  were  incubated  in  serum- 
free  medium  supplemented  with  LPC  (1-oleoly, 

5  p.M,  substrate  of  autotaxin)  or  LPC+autotaxin 
(recombinant  protein,  100  ng/ml)  for  48  hours 
before  analysis  of  de  novo  lipogenesis  as 
detailed  in  Appendix  I.  In  right,  lipogenesis  in 
autotaxin  siRNA  knockdown  cells  was  determined 
and  compared  with  that  in  control  siRNA-treated 
cells.  The  data  of  both  panels  were  presented 
as  fold  change  relative  to  the  values  of  control  cells 
which  were  defined  as  1  arbitrary  unit. 


Fig.  3.  Treatment  of  ovarian  cancer  cell  lines 
with  LPA  increased  ATP  production  and 
decreased  AMP/ATP  ratio.  Caov3  cells  were 
serum  starved  overnight  prior  to  LPA  (10 
mM)  treatment  for  12  hours.  Nucleotides 
were  extracted  and  analyzed  with  HPLC. 


Palmitate  0  0  10  20  40  pM 

Fig.  4.  Palmitate  potentiates  LPA-induced 
growth  of  ovarian  cancer  cells.  Caov-3  cells  were 
incubated  with  or  without  LPA  in  serum-free 
medium  supplemented  with  the  indicated 
Concentrations  of  palmitate.  The  cell  numbers 
were  determined  with  coulter  counter  after  48 
hours. 


Fig.  5.  Inhibition  of  iPLA2  activity  and  cell  growth  by  stable  expression  of  the 
dominant  negative  iPLA2b  (M10iPLA2b)  in  SKOV-3  cells.  Western  blot  analysis 
confirmed  expression  of  the  mutant  in  two  clones  (#clone#7  and  U10){upper 
left).  The  cellular  activity  was  inhibited  by  the  mutant  in  both  clones  (lower 
left).  The  growth  curves  of  the  control  and  clone  #10  in  serum-free  conditions 
were  determined  by  crystal  violet  staining  (right). 
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Fig.  6A.  CPTIA  is  required  for  growth  of  ovarian  cancer 
cell  lines.  CPTIA  in  SKOV-3  and  OVCA-432  cells  was  down- 
regulated  by  two  independent  shRNAs.  One  (sh-CPTlA-2) 
completely  eliminated  CPTIA  expression  while  the  other 
(sh-CPTlA-1)  partially  inhibited  CPTIA  (lower  panel).  The 
growth  curves  showed  a  dose-dependent  inhibition  of 
SKOV-3  and  OVCA-432  cell  growth  by  shRNA  knockdown  of 
CPTIA. 
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Fig.  6B.  CPTIA  is  required  for  growth  of  ovarian  cancer  cell  lines.  SKOV-3  and 
OVCA-432  cells  were  culture  with  etomoxir  (0.3  mM)  or  vehicle  (ctrl)  for  the 
indicated  periods  of  time  (Days).  The  number  of  cells  were  determined  daily 
With  a  Coulter  counter. 
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Fig.  7A.  Co-treatment  with  etomoxir  and  ABT263  induced  synergistic  apoptosis  in  SKOV-3  and 
OVCA-432.  The  cells  were  treated  with  ABT263,  etomoxir  or  their  combination  (Comb)  for  24  hours. 
The  percentages  of  apoptotic  cells  (presented  in  each  panel)  were  determined  by  flow  cytometry 
quantification  of  Annexin  V-positive,  apoptotic  cells. 
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Fig.  7B.  Co-treatment  with  etomoxir  and  ABT263  induced  synergistic 
apoptosis  in  SKOV-3  and  OVCA-432  cells.  Shown  was  immunoblotting 
analysis  of  apoptosis-associated  cleavage  of  caspase  3  in  cells  treated 
with  ABT263,  etomoxir  or  their  combination  (Comb)  for  24  hours  at 
the  indicated  concentrations. 
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Fig.  8.  CPTIA,  but  not  CPTIC,  is  overexpressed  in  ovarian  cancer  cell  lines  [upper), 
which  correlates  with  the  sensitivity  of  the  cells  to  apoptosisinduced  by 
combination  [Comb]  ofetomoxir  [0.3  mM]  and  ABT-263  [1  pM]  (lower). 


Cholesterol  level  after  LPA  and  EOF  treatment 


2 

o 

u. 


*  * 


LPA  EGF 


Fig.  9.  LPA  and  EGF  increases  cholesterol  levels  in  Caov-3  cells.  The  cells 
were  treated  with  LPA  (10  |iM)  or  EGF  (20  ng/ml)  for  24  hours  before 
quantification  of  cellular  cholesterol  contents  with  a  kit  from  Cell  Biolabs,  Inc. 
The  data  were  presented  as  fold  increase  relative  the  cholesterol  level  in 
the  un-stimulated  control  cells  (BSA). 
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Background:  Mechanisms  underlying  the  lipogenic  phenotype  of  cancer  cells  are  poorly  understood. 

Results:  Lysophosphatidic  acid  (LPA)  via  its  receptor  LPA2  activates  lipogenic  pathways  and  de  novo  lipid  synthesis  in  ovarian 
cancer  cells. 

Conclusion:  LPA  is  causally  linked  to  the  aberrant  lipogenesis  in  cancer. 

Significance:  This  study  offers  a  new  strategy  to  inhibit  lipid  anabolism  in  a  cancer  cell-specific  manner. 

V _ ^ ^ _ J 


One  of  the  most  common  molecular  changes  in  cancer  is  the 
increased  endogenous  lipid  synthesis,  mediated  primarily  by 
overexpression  and/or  hyperactivity  of  fatty  acid  synthase  (FAS) 
and  acetyl-CoA  carboxylase  (ACC).  The  changes  in  these  key 
lipogenic  enzymes  are  critical  for  the  development  and  mainte¬ 
nance  of  the  malignant  phenotype.  Previous  efforts  to  control 
oncogenic  lipogenesis  have  been  focused  on  pharmacological 
inhibitors  of  FAS  and  ACC.  Although  they  show  anti-tumor 
effects  in  culture  and  in  mouse  models,  these  inhibitors  are  non- 
selective  blockers  of  lipid  synthesis  in  both  normal  and  cancer 
cells.  To  target  lipid  anabolism  in  tumor  cells  specifically,  it  is 
important  to  identify  the  mechanism  governing  hyperactive 
lipogenesis  in  malignant  cells.  In  this  study,  we  demonstrate 
that  lysophosphatidic  acid  (LPA),  a  growth  factor-like  mediator 
present  at  high  levels  in  ascites  of  ovarian  cancer  patients,  regu¬ 
lates  the  sterol  regulatory  element  binding  protein-FAS  and 
AMP-activated  protein  kinase-ACC  pathways  in  ovarian  cancer 
cells  but  not  in  normal  or  immortalized  ovarian  epithelial  cells. 
Activation  of  these  lipogenic  pathways  is  linked  to  increased  de 
novo  lipid  synthesis.  The  pro-lipogenic  action  of  LPA  is  medi¬ 
ated  through  LPA2,  an  LPA  receptor  subtype  overexpressed  in 
ovarian  cancer  and  other  malignancies.  Downstream  of  LPA2, 
the  G12/13  and  Gq  signaling  cascades  mediate  LPA-dependent 
sterol  regulatory  element-binding  protein  activation  and  AMP- 
activated  protein  kinase  inhibition,  respectively.  Moreover, 
inhibition  of  de  novo  lipid  synthesis  dramatically  attenuated 
LPA-induced  cell  proliferation.  These  results  demonstrate  that 
LPA  signaling  is  causally  linked  to  the  hyperactive  lipogenesis  in 
ovarian  cancer  cells,  which  can  be  exploited  for  development  of 
new  anti-cancer  therapies. 


One  of  the  most  common  molecular  changes  in  tumor  cells  is 
the  heightened  rate  of  de  novo  lipid  synthesis  compared  with 
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their  normal  counterparts.  The  aberrant  lipogenesis  in  cancer 
cells  is  mediated  by  increased  expression  and  activity  of  key 
lipogenic  enzymes,  primarily  fatty  acid  synthase  (FAS)^  and 
acetyl-CoA  carboxylase  (ACC).  Interestingly,  the  alterations  in 
these  key  lipogenic  enzymes  are  critical  for  the  development 
and  maintenance  of  the  malignant  phenotype  (1).  It  occurs  at 
early  stages  of  tumorigenesis  and  becomes  more  pronounced  in 
advanced  cancers  (1,  2).  Overexpression  of  FAS  correlates  with 
poor  prognosis  in  several  types  of  human  malignancies,  includ¬ 
ing  ovarian  cancer  (3,  4).  Furthermore,  tumor  cells  depend 
heavily  on  or  are  “addicted”  to  de  novo  lipid  synthesis  to  meet 
their  energetic  and  biosynthetic  needs,  irrespective  of  the  nutri¬ 
tional  supplies  in  the  circulation  (1).  Consistent  with  this,  phar¬ 
maceutical  inhibitors  of  FAS  suppress  tumor  cell  proliferation 
and  survival  and  enhance  cytotoxic  killing  by  therapeutic 
agents  (5-10).  However,  one  barrier  to  cancer  patient  applica¬ 
tions  of  these  inhibitors  is  their  nonselective  suppression  of 
fatty  acid  synthesis  in  both  normal  and  malignant  tissues,  which 
could  deteriorate  weight  loss,  anorexia,  fatigue,  and  other  can¬ 
cer-associated  complications.  To  target  lipid  anabolism  in 
tumors  specifically,  it  is  important  to  identify  the  mechanism 
for  the  hyperactive  lipogenesis  in  cancer  cells,  which  is,  how¬ 
ever,  poorly  understood. 

Lysophosphatidic  acid  (LPA),  the  simplest  phospholipid,  has 
long  been  known  as  a  mediator  of  oncogenesis  (11).  LPA  is 
present  at  high  levels  in  ascites  of  ovarian  cancer  patients  and 
other  malignant  effusions  (11-13).  LPA  is  a  ligand  of  at  least  six 
G  protein-coupled  receptors  (14).  The  LPAi/Edg2,  LPA2/Edg4, 
and  LPAg/Edg?  receptors  are  members  of  the  endothelial  dif¬ 
ferentiation  gene  (Edg)  family,  sharing  46-50%  amino  acid 
sequence  identity  (14).  GPR23/P2Y9/LPA4  of  the  purinergic 
receptor  family,  and  the  related  GPR92/LPA5  and  P2Y5/LPAg 
have  been  identified  as  additional  LPA  receptors,  which  are 
structurally  distant  from  the  LPAi_3  receptors  (14, 15).  The  Edg 
LPA  receptors,  in  particular  LPA2,  is  overexpressed  in  many 
types  of  human  malignancies,  including  ovarian  cancer  (11, 16). 
Strong  evidence  implicates  LPA2  in  the  pathogenesis  of  ovar- 


^The  abbreviations  used  are:  FAS,  fatty  acid  synthase;  ACC,  acetyl-CoA  car¬ 
boxylase;  LPA,  lysophosphatidic  acid;  AMPK,  AMP-activated  kinase;  SREBP, 
sterol  regulatory  element-binding  protein;  qPCR,  quantitative  PCR;  TAG, 
triacylglycerol. 
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ian,  breast,  and  intestine  tumors  (16-18),  although  the  exact 
oncogenic  processes  involved  remain  elusive. 

In  this  study,  we  observed  that  LPA  stimulated  proteolytic 
activation  of  two  isoforms  of  the  sterol  regulatory  element- 
binding  proteins  (SREBPs),  transcription  factors  involved  in 
regulation  of  FAS  and  other  lipogenic  enzymes  for  biosynthesis 
of  fatty  acid  and  cholesterol.  In  addition,  LPA  induces  dephos¬ 
phorylation  of  AMPKq:  at  Thr-172  and  concomitant  dephos¬ 
phorylation  of  ACC  at  Ser-79.  The  dephosphorylation  of  ACC 
at  Ser-79  is  associated  with  activation  of  the  enzyme  (19).  These 
LPA-induced  changes  in  the  lipogenic  enzymes  occurred  hours 
after  exposure  to  LPA,  and  the  effects  were  sustained  for  many 
hours.  Consistent  with  LPA  activating  these  lipogenic  path¬ 
ways,  LPA  increased  de  novo  lipid  synthesis.  We  identified 
LPA2,  the  receptor  subtype  overexpressed  in  ovarian  cancer 
and  other  human  malignancies,  as  the  key  receptor  responsible 
for  delivery  of  the  lipogenic  effect  of  LPA.  The  intracellular 
Gi2/i3'Rho  signaling  cascade  is  critical  for  LPA  activation  of  the 
SREBP,  whereas  Gq-PLC  is  involved  in  LPA-mediated  dephos¬ 
phorylation  and  inhibition  of  AMPK.  These  findings  reveal  a 
novel  mode  of  the  cancer  cell-specific  regulation  of  lipogenesis 
by  an  intercellular  factor  present  in  the  circulation  and  tumor 
microenvironments. 

EXPERIMENTAL  PROCEDURES 

Reagents — LPA  (1-oleolyl,  18:1)  was  obtained  from  Avanti 
Polar  Lipids,  Inc.  (Alabaster,  AL).  Prior  to  use,  LPA  was  dis¬ 
solved  in  PBS  containing  0.5%  fatty  acid-free  bovine  serum 
albumin  (BSA)  purchased  from  Roche  Applied  Science.  Acetic 
acid  (l-^'^C)  was  obtained  from  Moravek  Biochemicals  (Brea, 
CA).  Plasmid  DNA  was  purified  using  the  endo-free  purifica¬ 
tion  kit  from  Qiagen  (Valencia,  CA).  The  transfection  reagent 
Dharmafect  1  was  obtained  from  Dharmacon,  Inc.  (Lafayette, 
CO),  and  TransIT-TKO  was  obtained  from  Mirus  Bio  (Madi¬ 
son,  WI).  Luciferase  assay  reagents  were  obtained  from 
Promega  (Madison,  WI).  Anti-SREBP-1  and  anti-SREBP-2 
antibodies  were  obtained  from  BD  Biosciences.  Anti-phospho- 
AMPKq:  (Thr-172),  anti-AMPKa,  anti-phospho-ACC  (Ser-79), 
anti- ACC,  and  anti-FAS  antibodies  were  obtained  from  Cell 
Signaling  (Danvers,  MA).  Anti-tubulin  antibody  was  obtained 
from  EMD4Biosciences  (Gibbstown,  NJ).  BODIPY  493/503 
and  cell  culture  reagents  were  purchased  from  Invitrogen.  The 
TaqMan  Universal  PCR  Master  Mix  and  qPCR  probes  for 
LPA^,  LPA2,  LPA3,  3-hydroxy-3-methylglutaryl-CoA  (HGM- 
CoA)  reductase,  and  GAPDH  were  obtained  from  Applied  Bio¬ 
systems  (Carlsbad,  CA).  Calpain  I  inhibitor,  water-soluble  cho¬ 
lesterol,  the  FAS  inhibitor  C75,  the  ACC  inhibitor  TOFA,  and 
sodium  palmitate  were  purchased  from  Sigma. 

Cell  Culture— The  sources  of  ovarian  cancer  cell  lines  used  in 
the  study  were  described  previously  (20).  These  cells  were  cul¬ 
tured  in  RPMI  medium  supplemented  with  10%  FBS,  100 
units/ml  penicillin,  and  100  jutg/ml  streptomycin.  IOSE-29  was 
originally  obtained  from  Dr.  N.  Auersperg  (University  of  British 
Columbia,  Canada)  and  cultured  as  described  previously  (21). 

siRNA,  Plasmids,  and  Transfection — The  siRNA  oligos  for 
LPA3,  LPA2,  LPA3,  and  FAS  were  obtained  from  Applied  Bio¬ 
systems.  These  siRNAs  were  transfected  into  cells  using  Dhar¬ 
mafect  1  following  the  manufacturer’s  protocol.  In  brief,  cells 


were  plated  in  6-well  plates  to  reach  50  -  60%  confluence  before 
transfection.  Cells  were  then  transfected  with  target-specific 
siRNA  or  nontargeting  control  siRNA  (150  pM)  with  Dharma¬ 
fect  1  (4  jutl)  for  12-16  h.  Approximately  48  h  post-transfection, 
the  cells  were  serum-starved  overnight  before  LPA  treatment. 
Lentiviruses  carrying  short  hairpin  RNA  (shRNA)  for  LPA3_3 
receptors  were  kind  gifts  from  Dr.  S.  Huang  (Medical  College  of 
Georgia)  (22).  The  expression  vector  pcDNA3  expressing  the 
dominant  negative  form  of  G^  was  provided  by  Dr.  P.  Hylemon 
(Virginia  Commonwealth  University)  (23,  24).  The  Gq  and  G32 
cDNAs  were  provided  by  Dr.  R.  D.  Ye  (University  of  Illinois  at 
Chicago).  The  dominant  negative  mutants  of  Gq  (G208A)  and 
Gi2  (G228A)  (25-27)  in  pcDNA3  were  made  using  the 
QuikChange  XL  site-directed  mutagenesis  kit  (Stratagene, 
Santa  Clara,  CA).  The  plasmids  and  the  vectors  expressing 
N19Rho  and  botulinum  toxin  C3  were  described  previously 
(28,  29).  These  plasmids  were  transfected  into  ovarian  cancer 
cell  lines  using  Lipofectamine  LTX  Plus  (Invitrogen)  following 
the  manufacturer’s  instruction. 

Luciferase  Assays— The  SREBP-responsive  luciferase 
reporter  vector  (pGL2-3XSREBP-TK-Luc)  was  generated  by 
cloning  three  repeats  of  the  SREBP  consensus  sequence 
(AAAATCACCCCACTGCAAACTCCTCCCCCTGC)  (30, 
31)  into  the  Nhel  and  Hindlll  sites  in  front  of  the  herpes  sim¬ 
plex  virus  thymidine  kinase  gene  promoter  (—35  to  +50)  in  the 
pGL2-TK-Luc  vector  (32).  Ovarian  cancer  cell  lines  were  trans¬ 
fected  with  the  luciferase  vector  using  TransIT-TKO  according 
to  the  manufacturer’s  protocol.  About  48  h  after  transfection, 
the  cells  were  starved  overnight  and  treated  with  LPA  or  vehicle 
(BSA)  for  12  h.  Cell  extracts  were  prepared  and  assayed  for 
luciferase  activity  using  the  luciferase  assay  kits  from  Promega. 

Western  Blotting — Cells  were  lysed  as  described  previously 
(33).  Total  cellular  proteins  were  resolved  by  SDS-PAGE,  trans¬ 
ferred  to  immunoblot  membrane  (polyvinylidene  difluoride) 
(Bio-Rad),  and  immunoblotted  with  antibodies  following  the 
protocols  of  the  manufacturers.  Immunocomplexes  were  visu¬ 
alized  with  an  enhanced  chemiluminescence  detection  kit  from 
Amersham  Biosciences. 

Quantitative  PCR  (qPCR)—Totdl  cellular  RNA  was  isolated 
from  cultured  cells  using  TRIzol  (Invitrogen).  Complementary 
DNA  (cDNA)  was  synthesized  using  the  High-Capacity  cDNA 
reverse  transcription  kit  (Applied  Biosystems).  The  relative  lev¬ 
els  of  LPA3,  LPA2,  LPA3,  HMG-CoA  reductase,  and  GAPDH 
were  determined  by  qPCR  using  gene-specific  probes,  the  Taq¬ 
Man  Universal  PCR  master  mix,  and  the  Applied  Biosystems 
7900HT  real  time  PCR  system. 

Measurement  ofde  Novo  Lipid  Synthesis— Cells  were  grown 
in  6-well  plates  and  serum-starved  prior  to  treatment  with  LPA 
or  vehicle  for  24  h.  The  cells  were  labeled  with  [^^C]  acetic  acid 
(5  jutCi/ml)  for  the  last  6  h  of  incubation.  The  cells  were  then 
washed  twice  with  PBS  and  lysed  with  lysis  buffer  (25  mM 
HEPES,  150  mM  NaCl,  0.1%  SDS,  1%  Triton  X-100,  0.2  mM 
EDTA,  0.5%  sodium  deoxycholate,  20  mM  glycerophosphate,  1 
mM  sodium  vanadate,  1  mM  PMSF,  10  jutg/ml  leupeptin,  and  10 
jULg/ml  aprotinin).  Lipids  were  extracted  using  a  chloroform/ 
methanol  solution  (2:1).  Phase  separation  was  achieved  by  cen¬ 
trifugation  at  3200  X  g  for  10  min.  The  organic  phase  was 
extracted  and  dried  with  a  speed  vacuum.  Lipids  were  dissolved 
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in  Ultima  Gold  Mixture  (PerkinElmer  Life  Sciences)  and 
counted  using  Beckman  LS  6500  scintillation  counter.  Each 
measurement  was  performed  in  triplicate  and  normalized  to 
cell  numbers. 

Lipid  Staining — Cells  were  grown  and  serum-starved  prior  to 
treatment  with  LPA  or  vehicle  for  24  h.  Cells  were  then  stained 
with  BODIPY  493/503  at  a  final  concentration  of  0.5  jutg/ml 
in  PBS  at  37  °C  for  30  min,  followed  by  counter-staining 
with  Hoechst  (10  jutg/ml)  for  15  min.  Cells  were  then  fixed 
with  2%  paraformaldehyde  and  visualized  with  fluorescence 
microscopy. 

Quantification  of  Triacylglycerols  (TAG)  and  Phospholipids — 
TAG  and  phospholipids  were  extracted  and  quantified  with  the 
EnzyChrom  triglyceride  assay  kit  and  the  EnzyChrom  phos¬ 
pholipid  assay  kit  (Bio Assay  Systems,  Hayward,  CA),  respec¬ 
tively,  according  to  the  manufacturer. 

Statistics— h\\  numerical  data  were  presented  as  means  ± 
S.D.  The  statistical  significance  of  differences  was  analyzed 
using  Student’s  t  test,  where  p  <  0.05  was  considered  statis¬ 
tically  significant.  In  all  figures,  the  statistical  significances 
were  indicated  with  an  asterisk  iip  <  0.05  or  two  asterisks  if 

p  <  0.01. 

RESULTS 

LPA  Induces  Proteolytic  Cleavage  and  Activation  ofSREBP  in 
a  Cholesterol-sensitive  Manner — The  hyperactive  lipogenesis  is 
a  hallmark  of  tumor  cells  (1, 34).  To  identify  pathophysiological 
mechanisms  driving  the  lipogenic  program  in  cancer  cells,  we 
examined  the  potential  role  of  LPA,  an  endogenous  regulator  of 
many  cellular  functions  in  ovarian  cancer  and  other  human 
malignancies.  We  first  assessed  whether  LPA  was  capable  of 
activating  the  SREBP  transcription  factors  that  play  crucial 
roles  in  regulating  expression  of  lipogenic  enzymes.  Treatment 
of  Caov-3,  OVCA-432,  and  other  ovarian  cancer  cell  lines, 
including  OVCAR-3,  with  LPA  induced  cleavage  of  the  precur¬ 
sor  forms  of  SREBP- 1  and  SREBP-2  in  a  time-dependent  man¬ 
ner  (Lig.  lA),  The  cleaved  mature  forms  of  SREBP- 1  and 
SREBP-2  were  detectable  at  4  h  and  peaked  at  12  h  post-LPA 
treatment.  In  contrast  to  the  ovarian  cancer  cell  lines,  LPA 
failed  to  activate  SREBP- 1  or  SREBP-2  in  the  immortalized 
ovarian  surface  epithelial  cell  line  IOSE-29  (Eig.  lA)  or  normal 
ovarian  epithelial  cells  (data  not  shown),  suggesting  a  cancer 
cell-specific  mechanism  for  SREBP  activation  by  LPA  in  ovar¬ 
ian  cancer  cells. 

In  physiological  conditions,  SREBP- 1  and  SREBP-2  are  reg¬ 
ulated  by  the  intracellular  sterol  content.  In  their  precursor 
forms,  SREBPs  are  attached  to  the  endoplasmic  reticulum.  Spe¬ 
cific  signaling  cues  such  as  reduced  cholesterol  levels  trigger 
SREBP  cleavage-activating  protein  (SCAP)-mediated  transport 
of  SREBP  from  endoplasmic  reticulum  to  Golgi,  where  they  are 
cleaved  by  proteases  SIP  and  S2P  to  release  the  mature/active 
form  (35).  At  high  sterol  concentrations,  the  SREBP-SCAP 
complex  is  retained  in  the  endoplasmic  reticulum  due  to 
increased  binding  to  INSIG  proteins  (36).  To  determine 
whether  LPA  activation  of  SREBP  could  bypass  cholesterol  reg¬ 
ulation,  we  preloaded  Caov-3  and  OVCA-432  cells  with  choles¬ 
terol  (10  jULg/ml)  complexed  with  0.1%  fraction  V  fatty  acid-free 
BSA  in  PBS,  and  then  assessed  activation  of  SREBP- 1  in 
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FIGURE  1 .  LPA  activates  SREBP  in  ovarian  cancer  cells.  Ovarian  cancer  cell 
lines  and  IOSE-29  cells  were  treated  with  LPA  (1 0  juM)  for  indicated  periods  of 
time.  The  calpain  inhibitor  I  (25  jug/ml)  was  added  to  cells  for  the  last  2  h. 
Expression  of  SREBP-1  and  SREBP-2  was  analyzed  by  immunoblotting  with 
antibodies  that  recognize  both  precursor  (p)  and  active/mature  (m)  forms  of 
SREBP-1  and  SREBP-2  [A).  B,  Caov-3  and  OVCA-432  cells  were  preloaded  with 
or  without  cholesterol  (1 0  pg/ml).  The  cells  were  treated  with  LPA  and  ana¬ 
lyzed  for  expression  of  precursor  and  mature  forms  ofSREBP  as  in  A.  C,  Caov-3 
and  OVCA-432  cells  were  transfected  with  pGL2-3XSREBP-TK-Luc  and 
loaded  with  or  without  cholesterol  before  stimulation  with  LPA  (10  pM)  for 
1 2  h.  The  luciferase  activity  in  cell  extracts  was  determined  as  described  under 
"Experimental  Procedures,"  and  the  results  are  presented  as  relative  lucifer¬ 
ase  units  {RLU). 


response  to  LPA.  As  shown  in  Eig.  IB,  cholesterol  treatment 
reduced  both  basal  and  LPA-induced  active  SREBP-1  levels, 
indicating  that  activation  of  SREBP  by  LPA  remains  sensitive  to 
the  cholesterol  availability. 

To  determine  whether  LPA-induced  SREBP  cleavage  is  suf¬ 
ficient  to  activate  SREBP  transcriptional  activity,  Caov-3  and 
OVCA-432  cells  were  transfected  with  the  SREBP-responsive 
reporter  pGL2-3XSREBP-TK-Luc.  As  shown  in  Pig.  1C,  treat¬ 
ment  of  transfected  cells  with  LPA  significantly  enhanced  lucif¬ 
erase  activity  in  these  cells.  Similar  to  the  SREBP  cleavage, 
SREBP-dependent  luciferase  activity  was  also  sensitive  to  cho¬ 
lesterol  treatment  (Pig.  1C). 
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FIGURE  2.  LPA  induces  expression  of  the  SREBP  target  genes  FAS,  ACC, 
and  HMG-CoA  reductase.  Caov-3,  OVCA-432,  and  OVCAR-3  cells  were 
treated  with  or  without  LPA  (10  juM)  for  16  h  prior  to  innnnunoblotting  analysis 
of  FAS  and  ACC  (A).  Total  cellular  RNA  was  isolated  from  parallel  samples  and 
subjected  to  qPCR  analysis  of  expression  of  FlMG-CoA  reductase  mRNA  {B). 
The  results  are  presented  as  fold  increase  relative  to  the  value  in  the  vehicle- 
treated  cells  (defined  as  7). 

LPA  Induces  Expression  of  SREBP  Target  Genes  EAS,  ACC, 
and  HMG-CoA  Reductase — To  substantiate  the  biological  sig¬ 
nificance  of  SREBP  activation  by  LPA,  we  monitored  expres¬ 
sion  levels  of  FAS,  ACC,  and  HMG-CoA  reductase.  These  are 
well  known  targets  of  SREBP- 1  and  SREBP-2  involved  in  bio¬ 
synthesis  of  fatty  acid  and  cholesterol.  Treatment  of  Caov-3, 
OVCA-432,  and  OVCAR-3  cells  with  LPA  increased  expres¬ 
sion  levels  of  FAS  and  ACC  proteins  as  shown  in  Fig.  2A,  The 
mRNA  levels  of  these  key  enzymes  for  fatty  acid  synthesis  (data 
not  shown)  and  the  rate-limiting  enzyme  for  cholesterol  syn¬ 
thesis  HMG-CoA  reductase  were  also  significantly  increased  by 
treatment  of  ovarian  cancer  cell  lines  with  LPA  (Fig.  2B),  pro¬ 
viding  evidence  that  activation  of  SREBP- 1  and  SREBP-2  by 
LPA  is  sufficient  to  increase  expression  of  key  endogenous  lipo- 
genic  enzymes  in  ovarian  cancer  cells. 

LPA  Induces  Dephosphorylation  of  AMPK  and  ACC— In 
addition  to  transcriptional  up-regulation,  the  activity  of  ACC  is 
inhibited  by  AMPK-mediated  phosphorylation.  AMPK,  a 
highly  conserved  protein  serine/threonine  kinase,  acts  as  an 
energy  sensor  and  regulator  of  cellular  metabolism,  shutting 
down  energy-consuming  anabolic  processes  and  activating 
energy-yielding  catabolic  processes  (37).  AMPK  is  activated 
through  phosphorylation  of  Thr-172  within  the  activation 
domain  of  the  o-subunit  (38).  To  determine  the  effect  of  LPA 
on  AMPK  and  its  downstream  target  ACC,  we  analyzed  the 
phosphorylation  status  of  AMPKn  at  this  residue  as  a  surrogate 
of  activation  of  the  enzyme.  Treatment  of  Caov-3  and  OVCA- 
432  cells  with  LPA  induced  late  onset  and  sustained  dephos¬ 
phorylation  of  AMPKq:  (Fig.  3).  The  decrease  in  AMPKo:  phos¬ 
phorylation  was  detectable  at  8  h  and  became  prominent  at 
12  h.  Consistent  with  a  predominant  role  of  AMPKo:  in  phos¬ 
phorylation  of  ACC,  AMPKo:  dephosphorylation  in  LPA- 


Caov-3  OVCA-432 


FIGURE  3.  LPA  induces  dephosphorylation  of  AMPKaand  ACC  Caov-3  and 
OVCA-432  cells  were  treated  with  or  without  LPA  (10  piM)  for  the  indicated 
periods  of  time.  The  cell  lysates  were  analyzed  with  immunoblotting  for  phos¬ 
phorylation  status  of  AMPKq!  and  ACC  using  their  phospho-specific  antibod¬ 
ies  recognizing  AMPKo;  phosphorylated  at  Thr-1 72  or  ACC  phosphorylated  at 
Ser-79. 

treated  cells  was  accompanied  by  a  decrease  in  ACC  phospho¬ 
rylation  at  Ser-79  (Fig.  3).  Dephosphorylation  of  this  site  is 
known  to  enhance  ACC  enzymatic  activity.  The  effects  of  LPA 
on  dephosphorylation  of  AMPKo:  and  ACC  were  not  detected 
in  IOSE-29  cells  (data  not  shown).  These  results  establish  that 
LPA  signaling  is  coupled  to  activation  of  ACC  via  inhibition  of 
AMPK. 

LPA  Promotes  de  Novo  Lipid  Synthesis — Few  studies  have 
examined  the  role  of  exogenous  factors  in  regulation  of  lipogen¬ 
esis  in  cancer  cells  (5,  39).  We  examined  whether  LPA-induced 
activation  of  lipogenic  enzymes  is  functionally  sufficient  to 
stimulate  de  novo  lipid  synthesis.  The  ovarian  cancer  cell  lines 
Caov-3  and  OVCA-432  and  the  immortalized  IOSE-29  cells 
were  treated  with  LPA  or  BSA  as  vehicle  control  and  pulse- 
labeled  with  [^'^C]  acetic  acid  to  monitor  the  amount  of  new 
lipid  synthesis.  As  demonstrated  in  Fig.  4A  {left  panel),  LPA 
treatment  led  to  a  significant  increase  in  ^^C  incorporation  into 
the  cellular  lipid  fractions,  reflecting  an  increase  in  newly  syn¬ 
thesized  lipids  in  response  to  LPA.  The  lipogenic  effect  of  LPA 
was  specifically  detected  in  multiple  ovarian  cancer  cell  lines 
but  not  in  the  nontransformed  IOSE-29  cells,  wherein  LPA 
failed  to  induce  SREBP  activation  or  AMPK  dephosphory¬ 
lation.  Because  these  cells  were  treated  with  LPA  in  serum-free 
medium  lacking  extracellular  fatty  acids,  we  wanted  to  deter¬ 
mine  whether  the  increase  in  lipogenesis  in  response  to  LPA  is 
influenced  by  availability  of  extracellular  lipids.  As  shown  in 
Fig.  4A  {right  panel),  exogenously  supplemented  palmitate 
slightly  reduced  LPA-driven  lipogenesis.  The  reduction  was, 
however,  statistically  insignificant,  indicating  that  the  lipogenic 
role  of  LPA  is  largely  independent  of  availability  of  extracellular 
fatty  acids.  Consistent  with  the  pro-lipogenic  action  of  LPA, 
staining  with  the  lipophilic  dye  BODIPY  493/503  revealed  that 
LPA  induced  moderate  increases  in  the  intracellular  contents 
of  neutral  lipids  in  Caov-3  and  OVCA-432  cells  but  not  in 
IOSE-29  cells  (Fig.  4^).  These  results  were  further  supported  by 
the  increases  in  both  cellular  TAG  and  phospholipids  following 
LPA  treatment  (Fig.  4,  C  and  D), 

LPA  2  Is  Major  Receptor  Subtype  Responsible  for  Regulation  of 
SREBP  and  AMP/C— Caov-3,  OVCA-432,  and  other  ovarian 
cancer  cell  lines  express  the  Edg  LPA  receptors  LPA^^,  LPA2, 
and  LPA3  (Fig.  5A).  The  other  non-Edg  LPA  receptors  are 
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FIGURE  4.  LPA  stimulates  de  novo  lipid  synthesis.  Caov-3,  OVCA-432,  and  IOSE-29  cells  were  treated  with  LPA  (1 0  ijlm)  or  BSA  (vehicle)  for  24  h.  In  the  last  6  h 
of  incubation,  the  cells  were  pulse-labeled  with  5  piCi/ml  of  [^^C]acetic  acid  before  lipid  extraction  as  described  under  "Experimental  Procedures "  The 
incorporation  of  into  lipid  fractions  was  determined  by  scintillation  counting.  The  results  were  presented  as  counts/min  per  1X10^  cells  {A,  left  panel). 
Caov-3  and  OVCA-432  cells  were  treated  with  LPA  in  serum-free  medium  supplemented  with  palmitate  (1 0  pM)  and  BSA  (0.01  %).  LPA-induced  lipogenesis  was 
measured  as  described  above  {A,  right  panel).  B,  the  parallel  cells  in  6-well  plates  were  stained  with  BODIPY  493/503  fluorescent  dye  (0.5  jug/ml)  for  30  min, 
followed  by  staining  with  Hoechst  (1 0  pg/m\)  for  1 5  min  to  monitor  lipid  accumulation.  Shown  were  fluorescence  microscopic  photographs  of  IOSE-29,  Caov-3, 
and  OVCA-432  cells  treated  with  or  without  LPA  (X80  magnification).  Total  TAG  (O  and  phospholipids  (D)  in  control  and  LPA-treated  Caov-3  and  OVCA-432 
cells  were  determined  as  described  under  "Experimental  Procedures."  The  results  are  presented  as  amounts  of  lipids  per  well  or  normalized  on  cell  numbers  to 
represent  amounts  of  lipids  per  million  cells. 


either  absent  or  expressed  inconsistently  in  ovarian  cancer  cells 
(40, 41).  Thus,  we  focused  on  the  potential  role  of  LPAi_3  in  the 
regulation  of  lipogenesis.  We  used  siRNA  to  knock  down 
expression  of  LPA^,  LPA2,  and  LPA3  in  Caov-S  cells  and  exam¬ 
ined  SREBP  activation  and  AMPKo:  dephosphorylation  in 
response  to  LPA  treatment.  Interestingly,  only  knockdown 
of  LPA2  remarkably  attenuated  LPA-induced  cleavage  of 
SREBP-1,  dephosphorylation  of  AMPKo:  at  Thr-172  (Pig.  5B), 
as  well  as  expression  of  PAS  and  ACC  (Pig.  5C).  There  were 
little  inhibitory  effects  on  SREBP-1  activation,  AMPKo:  dephos¬ 
phorylation,  and  expression  of  PAS  and  ACC  in  conjunction 
with  LPA^  or  LPA3  knockdown.  We  encountered  a  technical 
difficulty  in  achieving  efficient  knockdown  of  LPA  receptors 
with  transient  siRNA  in  OVCA-432  cells.  However,  similar 
results  were  obtained  from  OVCA-432  cells  when  LPA  recep¬ 
tors  were  stably  knocked  down  by  lentivirus-transduced 
shRNA  (Pig.  5,  B  and  C).  These  results  support  a  primary  role  of 
the  LPA2  receptor  in  LPA-dependent  activation  of  SREBP-1 
and  inhibition  of  AMPKo:.  However,  overexpression  of  LPA2  in 
IOSE-29  cells  was  not  sufficient  to  activate  LPA-dependent 


induction  of  PAS  and  ACC  (data  not  shown),  suggesting  that 
additional  signaling  player(s)  present  specifically  in  malignant 
cells  is  involved. 

To  verify  this  receptor  subtype-specific  regulation  of  lipo¬ 
genesis,  we  examined  the  effect  of  LPA2  knockdown  on  LPA- 
driven  lipogenesis.  The  de  novo  lipid  synthesis  in  LPA  receptor 
knockdown  and  control  cells  was  assessed  as  described  earlier. 
The  endogenous  lipid  synthesis  induced  by  LPA  was  strongly 
attenuated  by  siRNA-  or  shRNA-mediated  down-regulation  of 
LPA2  (Pig.  5D).  In  contrast,  knockdown  of  LPA3  (Pig.  5D)  or 
LPA3  (data  not  shown)  did  not  inhibit  LPA-induced  lipid 
synthesis. 

LPA 2  Signaling  Bifurcates  to  Regulate  SREBP-1  and  AMPKa — 
We  next  examined  the  signaling  effectors  downstream  of  LPA2 
responsible  for  cleavage  of  SREBP-1  and  dephosphorylation  of 
AMPKo:.  The  LPA3_3  receptors  couple  to  and  Gq,  whereas 
only  LPA3  and  LPA2  couple  to  G32/13  (42).  We  transfected  dom¬ 
inant  negative  forms  of  these  G  proteins  into  highly  transfect- 
able  Caov-3  cells  in  an  effort  to  screen  for  G  proteins  critical  for 
LPA-dependent  SREBP-1  cleavage  and  AMPKo:  dephosphory- 
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FIGURE  5.  LPA2  mediates  the  lipogenic  effect  of  LPA.  Expression  of  nnRNAs  of  LPAt_3  receptors  in  IOSE-29,  Caov-3,  and  OVCA-432  cells  was  determined  by 
qPCR  analysis  as  detailed  under  "Experimental  Procedures"  {A).  The  results  were  presented  as  fold  difference  relative  to  the  mRNA  levels  of  LPA  receptors  in 
IOSE-29  cells  (defined  as  7).  Caov-3  cells  were  transfected  with  siRNA  for  each  LPA  receptor  (LPA^si,  LPA2si,  and  LPA3si)  or  with  nontargeting  control  siRNA  {Csi). 
Expression  of  each  LPA  receptor  in  OVCA-432  cells  was  down-regulated  by  lentivirus-transduced  shRNA.The  knockdown  efficiencies  for  each  LPA  receptor  in 
both  cell  lines  range  from  60  to  80%  as  determined  by  qPCR  analysis  (data  not  shown).  The  cells  were  stimulated  with  LPA  (1 0  ijlm)  for  1 2  h  before  immuno- 
blotting  analysis  of  SREBP-1  and  phospho-AMPKa  {B).p,  precursor;  m,  active/mature.  C,  effects  of  LPA2  knockdown  on  FAS  and  ACC  induction  in  Caov-3  and 
OVCA-432  cells  were  examined  by  immunoblotting  analysis.  D,  effects  on  lipid  synthesis  of  siRNA  or  shRNA  knockdown  of  LPA^,  LPA2,  or  LPA3  receptor  in 
Caov-3  and  OVCA-432  cells  were  measured  as  described  in  Fig.  44. 


lation.  As  shown  in  Fig.  6A,  expression  of  the  dominant  nega¬ 
tive  Gi2  attenuated  LPA-induced  SREBP-1  cleavage  but  not 
LPA-induced  dephosphorylation  of  AMPKa.  In  contrast, 
expression  of  dominant  negative  Gq  inhibited  AMPKn  dephos¬ 
phorylation  but  not  SREBP-1  cleavage  induced  by  LPA.  Thus, 


different  G  protein  cascades  are  implicated  in  the  regulation  of 
SREBP  and  AMPK  by  LPA.  Because  a  prominent  effector  of 
G 12/13  is  the  Rho  GTPase,  we  examined  whether  Rho  is 
required  for  LPA  activation  of  SREBP.  As  expected,  expression 
of  dominant  negative  Rho  (N19Rho)  or  the  botulinum  toxin  C3, 
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FIGURE  6.  LPA  regulates  SREBP  and  AMPK  through  different  G  protein 
cascades.  Caov-3  cells  were  transfected  to  express  donninant  negative 
forms  of  Gj,  Gq,  and  G^2  of  the  control  vector.  The  transfected  cells  were 
treated  with  LPA  (10  juivi)  for  12  h  before  immunoblotting  analysis  of 
SREBP-1  cleavage  and  AMPKo;  dephosphorylation  (A),  p,  precursor;  m, 
active/mature.  B,  dominant  negative  Rho  {N19Rho)  or  C3  toxin  expres¬ 
sion  vector  was  transfected  into  Caov-3  and  OVCA-432  cells.  The  effects  of 
N1 9Rho  and  C3  toxin  on  LPA-induced  SREBP-1  cleavage  were  analyzed  by 
immunoblotting.  C,  Caov-3  and  OVCA-432  cells  were  treated  with  LPA  in 
the  presence  of  the  PLC  inhibitor  U73122  or  its  inactive  analog  U73433 
(10  piM).  LPA-induced  AMPKa  dephosphorylation  was  analyzed  by 
immunoblotting. 
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a  specific  inhibitor  of  Rho  GTPase,  suppressed  LPA-induced 
cleavage  of  SREBP-1  (Fig.  6B)  as  compared  with  vector-trans¬ 
fected  cells.  The  results  demonstrate  that  LPA2  promotes 
SREBP  activation  in  a  Rho-dependent  pathway. 

To  elucidate  the  regulatory  network  leading  to  AMPK 
dephosphorylation,  we  used  pharmacological  inhibitors  of  sig¬ 
naling  molecules  downstream  of  Gq.  As  shown  in  Fig.  6C,  the 
PLC  inhibitor  U73122  but  not  it’s  inactive  analog  U73433 
blocked  AMPKo:  dephosphorylation  induced  by  LPA.  The  data 
support  a  Gq-PLC-dependent  mechanism  to  control  phosphor¬ 
ylation  and  activity  of  AMPKo:  in  LPA-treated  cells. 

LPA-driven  Cell  Proliferation  Requires  LPA 2  and  de  Novo 
Lipid  Synthesis — LPA  is  a  mitogen  that  stimulates  proliferation 
of  ovarian  cancer  cells  (43-46).  To  understand  the  biological 
significance  of  LPA-induced  lipogenesis,  we  examined  whether 
the  pro-lipogenic  activity  of  LPA  contributes  to  LPA-driven 
proliferation  of  ovarian  cancer  cells.  C75  and  TOE  A  are  well 
characterized  specific  inhibitors  of  FAS  and  ACC,  respectively 
(47, 48).  The  presence  of  C75  dramatically  decreased  cell  num¬ 
bers  of  Caov-3  and  OVCA-432  cells  in  serum-free  medium  sup¬ 
plemented  with  LPA  as  a  growth  factor  (Fig.  7A),  suggesting 
that  the  blockade  of  de  novo  lipogenesis  could  attenuate  LPA- 
induced  cell  proliferation.  Similar  effects  were  observed  in  the 
presence  of  the  ACC  inhibitor  TOFA  (data  not  shown).  At  the 
concentrations  we  used,  C75  and  TOFA  did  not  induce  signif¬ 
icant  increases  in  apoptosis  or  appreciable  decreases  in  cell  via¬ 
bility  (data  not  shown),  suggesting  that  these  inhibitors  mainly 
targeted  cell  proliferation  rather  than  cell  survival.  We  also 
tested  if  exogenously  added  palmitate  could  reverse  the  effect  of 
C75  on  LPA-induced  cell  proliferation.  At  10  jULM,  palmitate 
partially  prevented  the  effect  of  C75  (Fig.  IB),  This  ability  of 
palmitate,  however,  was  not  seen  at  20  jULM,  suggesting  possible 
cytotoxic  effect  of  high  concentrations  of  palmitate. 

To  obtain  molecular  evidence  for  involvement  of  FAS  in 
LPA-induced  cell  proliferation,  we  used  siRNA  to  knock  down 
FAS  expression  in  Caov-3  and  OVCA-432  cells.  Down-regula¬ 
tion  of  FAS  expression  indeed  prevented  proliferation  of  these 
cells  induced  by  LPA  (Fig.  7C).  Finally,  because  LPA2  is  the  key 
receptor  subtype  required  for  LPA  activation  of  lipogenesis,  we 
knocked  down  its  expression  to  determine  whether  LPA2  is  an 
integral  component  of  LPA-induced  cell  proliferation.  As 
shown  in  Fig.  7Z),  following  down-regulation  of  LPA2,  both  cell 
lines  exhibited  significant  decrease  in  growth  rate  when  the 
cells  were  incubated  in  serum-free  medium  containing  LPA. 
Thus  LPA2  and  its  associated  lipogenesis-promoting  activity 
are  critical  for  LPA-induced  cell  proliferation. 

DISCUSSION 

The  majority  of  the  adult  tissues  depends  on  dietary  fat  to 
meet  their  nutritional  needs.  In  contrast,  cancer  cells  depend  on 
de  novo  lipid  synthesis  for  generation  of  fatty  acids,  irrespective 
of  the  available  extracellular  supplies.  Malignant  cells  typically 
show  a  high  rate  of  de  novo  fatty  acid  synthesis  (49,  50).  Intra¬ 
cellular  fatty  acids  in  rapidly  dividing  cancer  cells  not  only  sup¬ 
ply  energy  through  j3-oxidation  but  more  importantly  serve  as 
precursors  for  biosynthesis  of  membrane  phospholipids,  sig¬ 
naling  lipids,  and  secondary  messengers  (51).  The  lipogenic 
phenotype  of  cancer  cells  has  been  primarily  attributed  to 
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FIGURE  7.  LPA2  and  associated  lipogenic  activity  are  required  for  LPA-induced  cell  proliferation.  Caov-3  and  OVCA-432  cells  in  6-well  plates  were 
incubated  for  48  h  in  serum-free  medium  supplemented  with  1 0  juM  LPA  in  the  presence  of  indicated  concentrations  of  the  FAS  inhibitor  C75  {A).  B,  Caov-3  and 
OVCA-432  cells  were  incubated  with  LPA  (10  ijlm)  and  C75  in  the  presence  of  the  indicated  concentrations  of  palmitate.  BSA  was  kept  at  a  final  concentration 
of  0.01%  for  all  treatments.  C  and  D,  expression  of  FAS  (C)  or  LPA2  (D)  was  down-regulated  by  siRNA  knockdown  in  Caov-3  and  OVCA-432  cells  to  examine 
LPA-induced  cell  proliferation  after  48  h  of  incubation  with  10  ijlm  LPA.  In  all  panels,  cell  numbers  were  quantitated  with  Coulter  counter  and  presented  as 
mean  ±  S.D.  of  triplicate  assays,  representative  of  three  independent  experiments. 


increased  expression  or  aberrant  activity  of  the  major  lipogenic 
enzymes  FAS  and  ACC.  In  particular,  FAS,  originally  recog¬ 
nized  as  a  tumor-specific  antigen  present  in  serum  of  cancer 
patients  (34),  is  overexpressed  in  a  variety  of  human  malignan¬ 
cies.  However,  the  cellular  mechanisms  by  which  lipogenic 
enzymes  are  up-regulated  in  cancer  cells  remain  poorly  under¬ 
stood  except  for  a  few  studies  suggesting  that  steroid  hormones 
and  Her  family  ligands  could  increase  FAS  expression  via  the 
PI3K  or  MAPK  pathways  (52-55). 

In  this  study,  we  describe  a  novel  LPA-mediated  mechanism 
activating  de  novo  lipogenesis  in  ovarian  cancer  cells.  We  dem¬ 
onstrated  that  treatment  of  ovarian  cancer  cell  lines  with  LPA 
activates  the  SREBP-FAS  and  AMPK-ACC  lipogenic  cascades, 
culminating  in  increased  de  novo  lipid  synthesis.  The  lipogenic 


effect  of  LPA  was  specifically  observed  in  cancer  cells  as  LPA 
failed  to  induce  de  novo  lipogenesis  in  nontransformed 
IOSE-29  cells.  LPA  has  been  long  known  as  a  mediator  of  ovar¬ 
ian  cancer.  It  is  present  at  high  concentrations  in  tumor 
microenvironments  such  as  ascites  of  ovarian  cancer  patients 
and  other  malignant  effusions  (12, 13).  This  study  highlights  the 
possibility  that  LPA  is  an  etiological  factor  in  tumor  microen¬ 
vironments  to  promote  lipogenesis  in  ovarian  cancer  cells, 
although  the  effect  of  LPA  in  other  cancer  cells  remains  to  be 
determined. 

A  significant  finding  of  this  study  is  the  selective  role  of  the 
LPA2  receptor  in  LPA  activation  of  the  lipogenic  pathways  and 
LPA-driven  lipogenesis.  We  and  others  have  previously  shown 
that  LPA2  and  LPA3  are  overexpressed  in  significant  fractions 
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of  ovarian  cancer  and  in  most  ovarian  cancer  cell  lines  (16,  46). 
LPAj^,  which  is  expressed  by  both  normal  and  malignant  ovar¬ 
ian  epithelial  cells,  is  dispensable  for  the  pro-lipogenic  activity 
of  LPA  in  ovarian  cancer  cells.  It  is  somewhat  surprising  that  in 
both  Caov-3  and  OVCA-432  cells,  knockdown  of  LPA3  slightly 
potentiated  the  lipogenic  effect  of  LPA  (Fig.  5D).  The  results 
imply  that  the  crosstalk  among  co-expressed  LPA  receptors  is 
important  in  the  control  of  biological  outcomes  of  LPA.  The 
specific  role  of  LPA2  in  the  promotion  of  lipogenesis  in  tumor 
cells  is  consistent  with  the  increased  expression  of  this  receptor 
in  various  malignancies  (16,  56-58).  Although  LPA^  and  LPA3 
have  also  been  reported  to  be  up-  or  down-regulated  in  some 
cancers,  overexpression  of  LPA2  is  most  commonly  seen  in 
almost  all  cancer  types  examined  (16,  56-58).  There  is  also 
strong  evidence  from  xenograft  mouse  models  and  transgenic 
mice  that  LPA2  is  more  oncogenic  compared  with  LPA^  and 
LPA3  (17,  59).  The  compelling  evidence  for  the  implication  of 
LPA2  as  an  oncogene  stems  from  recent  studies  by  Yun  and 
co-workers  (18, 60)  who  showed  that  LPA2'deficient  mice  were 
more  resistant  to  intestinal  tumorigenesis  induced  by  colitis  or 
by  ApcMin  mutation.  However,  the  molecular  mechanisms  for 
the  oncogenic  activity  of  LPA2  are  not  well  understood.  Most 
previous  studies  have  been  focused  on  the  ability  of  LPA2  to 
stimulate  expression  of  oncogenic  protein  factors,  including 
IL-6,  VEGF,  HIFlu,  c-Myc,  cyclin  Dl,  Kriippel-like  factor  5, 
and  Cox-2  (18,  32,  60  -  63).  LPA2  seems  to  be  more  potent  than 
other  LPA  receptors  in  driving  the  transcriptional  effects  of 
LPA  on  these  LPA  target  genes.  This  study  links  LPA2  to  the 
lipogenic  phenotype  of  ovarian  tumor  cells.  The  role  of  LPA2  in 
lipid  metabolism  provides  a  new  avenue  to  explore  the  onco¬ 
genic  role  of  LPA. 

Different  G  proteins  downstream  of  the  LPA2  receptor  are 
involved  in  regulation  of  the  SREBP-FAS  and  AMPK-ACC 
pathways  in  LPA-treated  cells.  Our  results  showed  that  SREBP 
cleavage/activation  lies  downstream  of  the  G32/i3"Rho  path¬ 
way,  and  AMPK  dephosphorylation/inhibition  is  mediated  by 
the  Gq-PLC  cascade.  LPA  stimulated  cleavage  of  the  precursor 
SREBP  into  mature  and  active  forms  in  a  time-dependent  man¬ 
ner,  which  was  accompanied  by  increases  in  SREBP-dependent 
transcriptional  activity  and  up-regulation  of  endogenous 
SREBP  target  genes.  In  addition,  the  effect  of  LPA  on  SREBP 
cleavage  and  activation  remains  sensitive  to  cholesterol-medi¬ 
ated  regulation,  indicating  the  sterol-sensing  machinery 
involved  in  SREBP  cleavage  is  not  disrupted  by  LPA.  The  pro¬ 
teolytic  cleavage  of  SREBP  is  controlled  by  the  combined  action 
of  SCAP  and  INSIG  proteins  (64).  An  increase  in  SCAP  or  a 
decrease  in  INSIG  proteins  could  lead  to  activation  of  SREBP. 
Because  androgens  and  insulin  have  been  shown  to  regulate 
expression  or  stability  of  SCAP  or  INSIG  (65,  66),  it  will  be  of 
interest  to  determine  whether  LPA  modulates  these  proteins  or 
their  ratios  to  activate  SREBP.  This  possibility  is  consistent  with 
the  observation  that  SREBP  cleavage  occurs  hours  after  expo¬ 
sure  of  ovarian  cancer  cells  to  LPA. 

It  has  yet  to  be  determined  how  the  Gq-PLC  pathway  is 
linked  to  dephosphorylation  and  inhibition  of  AMPKo:.  Obvi¬ 
ously,  our  observation  does  not  agree  with  Kim  et  al  (67),  who 
recently  reported  that  LPA  stimulated  transient  phosphoryla¬ 
tion  of  AMPKo:  at  Thr-172  within  the  first  10  min  of  LPA  treat¬ 


ment  in  the  SKOV-3  ovarian  cancer  cell  line.  In  our  experi¬ 
ments  involving  multiple  ovarian  cancer  cell  lines,  there  was 
little  change  in  AMPKo:  phosphorylation  status  at  the  early 
time  points.  Instead,  we  observed  a  time-dependent  decrease  in 
phospho-AMPKo:  levels,  which  maximized  after  12  h  of  incu¬ 
bation  with  LPA.  The  serine-threonine  kinase  LKBl,  encoded 
by  the  Peutz-Jeghers  syndrome  tumor  suppressor  gene,  is 
believed  to  be  primary  AMPK  kinase  as  suggested  by  LKBl 
knock-out  studies  (68-70).  LKBl  possesses  a  nuclear  localiza¬ 
tion  domain  and  is  located  predominantly  in  the  nucleus.  Upon 
phosphorylation,  LKBl  translocates  to  the  cytoplasm  where  it 
forms  an  active  complex  with  Ste20-related  adaptor  (STRAD) 
and  mouse  protein  25  (M025)  (71).  LPA  may  down-regulate 
LKBl  activity  via  modulation  of  its  phosphorylation,  nuclear- 
cytoplasmic  translocation,  or  association  with  STRAD-M025 
in  the  cytosol.  In  addition,  AMPK  phosphorylation  could  be 
down-regulated  by  inhibition  of  other  candidate  AMPK  kinases 
such  as  calmodulin-dependent  protein  kinase  kinase- jS  (71)  or 
by  activation  of  unknown  AMPK  phosphatase (s).  A  potential 
decrease  in  AMP/ATP  ratio  could  also  change  the  conforma¬ 
tion  of  AMPK  to  prevent  the  active  site  (Thr-172)  on  the  u-sub- 
unit  from  being  exposed  and  phosphorylated  by  AMPK  kinases. 
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